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Epidemic respiratory infections are responsible for extensive morbidity and mortality within both military
and civilian populations. We describe a methodology to examine respiratory samples that simultaneously
identifies broad groups of bacteria. The process uses electrospray ionization mass spectrometry and base
composition analysis of broad-range PCR amplification products. The base composition analyses from a
small set of broad-range primer pairs are used to “triangulate” the identity of pathogenic organisms
present in the sample. Once a species has been identified, the rapid recursive use of species-specific
primers to housekeeping genes allows strain-typing. This strategy was used to examine samples from
military recruits sickened in a recent Group A streptococcal (GAS) pneumonia outbreak (MMWR 52, 6,
p106-109, 2003). The strain-typing results were essentially identical to those obtained using classic emm
typing and Multi Locus Sequence Typing. This method allows real-time evaluation of patient samples and
will make possible more rapid and appropriate treatment of patients in an ongoing epidemic, regardless of
the etiology, in a time frame not previously achievable.

Background

Despite the prevalence of epidemic respiratory infections and their associated widespread morbidity and
mortality, the molecular underpinnings of these conditions remain poorly understood. Epidemic
respiratory infections can be caused by a wide variety of bacteria, including several species of
Streptococcus, Haemophilus influenzae, Staphylococcus aureus, Neisseria meningitidis, or viruses such
as influenza, adeno, rhino, and corona (1, 2). While various culture methods, molecular techniques, and
serologic diagnostic tests exist, the causative organism is often never determined. Laboratory tests are
generally limited to bacterial culture or a molecular test for a single viral or bacterial agent, and results are
seldom available rapidly enough to influence intervention efforts. Ability to track epidemic outbreaks that
are dispersing geographically is often limited to monitoring of vague disease classifications (ICD-9
codes) that lack specific laboratory diagnoses.

Group A streptococci (GAS), or Streptococcus pyogenes, is one of the most important causes of
respiratory infections because of its prevalence and ability to cause severe disease with complications,
such as acute rheumatic fever and acute glomerulonephritis (3). GAS also causes infections of the skin
(impetigo) and, in rare cases, invasive disease such as necrotizing fascititis (flesh-eating bacteria) and
toxic shock syndrome. GAS outbreaks are enhanced by the crowded conditions and close physical contact
that occurs in civilian schools, correctional facilities, and military training barracks. Much of our current
knowledge of the epidemiology of GAS was obtained from pioneering studies in the 1950s in military
environments (4-6). The disease is spread by direct person-to-person contact via droplets or nasal
secretions. The development in the 1930s of the Lancefield classification of strains into distinct
serogroups based on the antigenic properties of the cell surface M-protein was an important step in
understanding GAS infections; the surface M-protein plays a critical role as a primary virulence factor (7,
8).

However, after many decades of study, the underlying microbial ecology and natural selection that favors
enhanced virulence and explosive GAS outbreaks is still poorly understood. The ability to simultaneously
identify GAS and other bacteria and viruses in patient samples would greatly facilitate our understanding
of respiratory epidemics. It is also essential to be able to follow the spread of virulent strains of GAS in
populations and to distinguish virulent strains from less virulent or avirulent streptococci that colonize the
nose and throat of asymptomatic individuals at a frequency ranging from 5-20% of the population (3).
Molecular methods have been developed to type GAS based upon the sequence of the emm gene that
encodes the M-protein virulence factor (9-11). Using this molecular classification, over 150 different emm
types have been defined and correlated with phenotypic properties of thousands of GAS isolates
(http://mvww.cdc.gov/ncidod/biotech/strep/strepindex.html) (12). Recently, a strategy known as Multi
Locus Sequence Typing (MLST) was developed to follow the molecular epidemiology of GAS (13). In
MLST, internal fragments of seven housekeeping genes are amplified, sequenced, and compared with a
database of previously studied isolates (http://test.mist.net/). The results from MLST are highly
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concordant with several other typing methods (13). Polymorphisms in other genes have also been
correlated with M-protein type virulence properties (14-17).

While these methods provide detailed analysis of isolated GAS strains, each of these techniques requires
culture, colony isolation, PCR amplification, and sequencing, and thus these methods are inherently
limited. Culture and selection of isolated colonies of S. pyogenes on selective blood agar plates requires a
minimum of 24 hr, and PCR amplification followed by sequencing is a slow and labor-intensive process.
We now report a new technique that rapidly identifies the presence of multiple respiratory
microorganisms simultaneously. In the case of a GAS outbreak, the organism can be identified and its
emm type determined directly from throat swabs within 6 hr. These attributes allow strain tracking of an
ongoing, geographically dispersed epidemic on a larger scale than ever before achievable. As an example,
we describe characterization of a GAS outbreak at a military training camp (18) and analyze its potential
spread to other military facilities.

Materials and Methods

Genome preparation and PCR: Genomic materials from culture samples or swabs were prepared using
the DNeasy 96 Tissue Kit (Qiagen, Valencia, CA) using manufacturer’s procedures. PCR reactions were
performed using Platinum Taq (Invitrogen, Carlsbad, CA) and Hotstart PFU Turbo (Stratagene, La Jolla,
CA ) polymerases. Cycling conditions consisting of an initial 2 min at 95°C followed by 45 cycles of 20 s
at 95°C, 15 s at 58°C, and 15 s at 72°C. Broad-range PCR primers were designed to conserved regions of
bacterial ribosomal RNAs (16 and 23S) and the gene encoding DNA-dependent RNA polymerase, B’
subunit (rpoC) (Table 1). The allelic profile of a GAS strain by MLST can be obtained by sequencing the
internal fragments of seven housekeeping genes. The nucleotide sequences for these genes, from 212
isolates of GAS (78 distinct emm types), are available at the Web site: http://www.mlst.net. This
corresponds to one hundred different allelic profiles referred to by Enright et al. as ST1-ST100 (13). For
each profile, we created a virtual transcript for each allelic profile by concatenating sequences from each
of the seven genes. Primers were designed using these sequences and were constrained to be within each
gene loci. Twenty-four primer pairs were designed and tested against GAS strain 700294. A final subset
of six primer pairs (Table 1) was chosen based on a theoretical calculation of minimal number of primer
pairs that maximized resolution of between emm types.

Mass spectrometry and base composition analysis: Following amplification, 15 uL aliquots of each
PCR were desalted and purified using a weak anion exchange protocol as described in detail elsewhere
(19). Accurate-mass (+ 1 ppm) high-resolution (M/ M > 100,000 FWHM) mass spectra were acquired
for each sample using high throughput electrospray ionization Fourier transform ion cyclotron resonance
mass spectrometry (ESI-FTICR) protocols described previously for nucleic acid analysis (20). For each
sample approximately 1.5 uL of analyte solution was consumed during the 74-s spectral acquisition. Raw
mass spectra were postcalibrated with an internal mass standard and deconvolved to monoisotopic
molecular masses. Unambiguous base compositions were derived from the exact mass measurements of
the complementary single stranded oligonucleotides (21).

Microbiology: GAS isolates were identified from swabs on the basis of colony morphology and beta-
hemolysis on blood agar plates, Gram stain characteristics, susceptibility to bacitracin, and positive latex
agglutination reactivity with group A-specific antiserum.

Sequencing: Bacterial genomic DNA samples of all isolates were extracted from freshly grown GAS
strains using QlAamp DNA Blood Mini Kit (Qiagen). Group A streptococcal cells were analyzed using
emm gene -specific PCR as previously described (9, 22). Homology searches on DNA sequences were
conducted against known emm sequences (http://www.cdc.gov/ncidod/biotech/infotech_hp.html). MLST
analysis was performed as previously described (13).
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Results and Discussion

Example of broad surveillance, identification, and rapid strain-typing of bacterial pathogens

In managing epidemic outbreaks of respiratory disease, it would be valuable to analyze clinical samples
for a broad range of bacterial pathogens, and then, based upon the organism identified, rapidly determine
additional organism-specific details useful for making treatment or quarantine decisions. We have
developed a method to achieve this and tested it on samples obtained from an outbreak of S. pyogenes in a
military training camp. The first step, called universal survey, employs PCR primers that allow
amplification and identification of many different pathogens. Based upon what is found in the universal
survey, an organism-specific drill-down step is immediately employed to obtain the desired additional
information (Figure 1). For example, after identification of S. pyogenes in a throat swab, one might want
to determine its emm type, since this information is useful both for treatment considerations and epidemic
surveillance. Initially, we examined isolated colonies from throat culture samples, but subsequently
analyzed throat swabs directly without the culture step. The latter path can be completed within 6-12 hr
after sample acquisition, providing information rapidly enough to be useful in managing an ongoing
epidemic.

The experimental methodology is based upon analysis of PCR amplicons using ESI-FTICR and
deciphering the base compositions of the amplicons from highly accurate mass measurements (Figure 2)
(19, 23). ESI-FTICR is a platform that has been used for automated high throughput drug screening (20,
24, 25), where samples containing a complex mixture of PCR amplicons can be analyzed at a rate of one
per minute (19), and the results can be immediately used to direct a predetermined drill-down path in an
automated fashion. In the current effort, throat swabs or culture sample were analyzed by extraction of
total nucleic acids and surveyed for pathogenic respiratory bacteria using a small set of broad-range PCR
primers. Upon identification of S. pyogenes, the same nucleic acid extract was reanalyzed using a set of
primers specific for S. pyogenes designed to decipher its emm type.

The universal survey primers were chosen by a computational analysis of sequence alignments of the
ribosomal operons and 160 broadly conserved protein-encoding housekeeping genes of all sequenced
bacteria (26, 27). The target locations of the primers were selected based upon (a) the ability to broadly
amplify all bacteria, but not eukaryotes or archaea; (b) the ability to maximally distinguish bacterial
species from each other by the information content of the base composition across all primer pairs used;
and (c) an upper limit on amplicon size (currently <= 140 base pairs) where ionization and accurate
deconvolution can be achieved.

Four pairs of broad-range primer pairs were selected that include regions of 16S and 23S rRNA, and the
gene encoding DNA-dependent RNA polymerase, B' subunit (rpoC) (Figure 1B, red labels). While there
was no special consideration of S. pyogenes in the selection of the universal survey primers, analysis of
genomic sequences shows that the base compositions of these regions distinguished Streptococcus
pyogenes from other respiratory pathogens and normal flora, including closely related species of
streptococci, staphylococci, and bacilli (Figure 3). While any single primer might have an overlap of base
compositions for two or more organisms (see, for example, the rpoC compositions for Bacillus anthracis
and Stapyhlocococcus aureus), combining information across all primer pairs provided unique organism-
specific signature.

Fifty-one GAS isolates were taken from healthy recruits and hospitalized patients in December 2002,
during the peak of the military training camp outbreak. Twenty-seven additional isolates from previous
infections ascribed to GAS were also examined. The data obtained from the 51 epidemic samples are
shown in Figure 3. This plot shows the base composition analysis for the four universal survey primer
pairs using a different symbol for each primer pair. The upper panel shows the expected distribution of
based compositions from multiple isolates of respiratory pathogens derived from sequences in Genbank
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(color-coded by species and color-matched lines connecting different sequenced strains). The lower panel
shows the observed base compositions for the epidemic samples. All the base compositions were
consistent with those from the four completely sequenced strains of S. pyogenes (28-33). Thus, the
epidemic samples were clearly identified as GAS. At the outset, it was not clear how many universal
primers would be needed to identify S. pyogenes in the background of normal throat flora. Surprisingly,
the experimental results showed that as few as two primer pairs are sufficient for the initial surveillance of
bacterial pathogens in respiratory samples.

Determining strain-specific signatures and emm typing

In order to obtain strain-specific information about the epidemic, we designed a strategy to generate
strain-specific signatures and simultaneously correlate with emm types. In classic MLST analysis, internal
fragments of seven housekeeping genes (Figure 2B, blue labels) are amplified and sequenced (13). Since
our method of analysis provides base composition data rather than sequence, the challenge was to identify
the target regions that provide the highest resolution of species and least ambiguous emm classification.
We constructed an alignment of concatenated alleles of the seven housekeeping genes from each of 212
previously emm-typed strains (13). From this alignment, we determined the number and location of the
primer pairs that would maximize strain discrimination using base composition data.

An initial set of 24 primer pairs were selected that amplify regions that covered over 97% of the
nucleotide variation in the alignment. We then analyzed these primers to determine how much strain
discrimination could be achieved by base composition analysis of different subsets of the primers. For a
given subset, the measure of discrimination performance was defined as the ratio of the number unique
emm types over the total number of emm types represented in the alignment. The upper bound of
performance when all 24 pairs are used is approximately 97% (see supplemental data for details of
performance calculations). Performance calculations for different possible combinations of primer subsets
showed an inflection point at six pairs, where 89% of the emm types could be discriminated. This degree
of resolution is sufficient for many applications, such as real-time tracking of an epidemic strain.
However, if complete emm typing is required, additional primers selected to specifically resolve the
encountered ambiguities can be applied.

The results of the base composition analysis with six primer pairs, 5’-emm gene sequencing, and the
MLST gene sequencing methods for samples from the epidemic, archived samples and follow-up
epidemiology studies are compared in Table 2. The ambiguities of emm type assignment from base
composition analysis from six primer pairs are shown without further resolution by additional recursive
analysis steps. Although not all samples were completely resolved to a unique emm type using six primer
pairs, base compositions showed the correct identification (either uniquely, or as a member of a small set)
as 5’-emm gene sequencing or full the MLST sequencing method. Of the 51 samples taken during the
peak of the epidemic (Table 2, first 3 rows, highlighted in yellow), all but three had identical
compositions and corresponded to emm 3. The three outliers, all from healthy individuals, probably
represent nonepidemic strains harbored by asymptomatic carriers. Archived samples (Table 2, next nine
rows) from previous infections at other training facilities, showed a much greater heterogeneity of
composition signatures and emm types, as would be expected in the absence of a specific epidemic, where
a clonal expansion of a single virulent strain is occurring.

Postepidemic surveillance of GAS at other military facilities

The November/December 2002 epidemic was caused by a virulent emm 3 strain. Following this
epidemic, it was considered important to survey GAS outbreaks at other military facilities populated by
military recruits who had completed their training, and who might have carried the epidemic strain to
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these locations. Culture samples from GAS-positive patients were obtained from other military bases
following the epidemic. These samples were analyzed by base composition analysis and by emm-gene
sequencing. The results (Table 2) showed concordance between base composition analysis and emm-gene
sequencing. One or two samples from each location had an emm 3. However, the distribution of GAS
types at these locations showed a pattern significantly different from the original epidemic, suggesting
that the epidemic strain was not dominating the population of GAS at other locations. In support of this,
hospitalized pneumonia morbidity was not seen at other military locations.

Culture-free analysis of swabs by direct PCR

To determine whether GAS could be identified directly from swabs without culturing cells, 8 throat swabs
from individuals showing respiratory symptoms were obtained. Five of the eight patients tested positive
for GAS by culture (Table 2). All culture-positive swabs were also GAS-positive by base composition
analysis, while the 3 culture-negative samples did not produce identifiable amplicons for any of the
primers. To test the sensitivity directly on swabs, we performed a limiting dilution experiment using S.
pyogenes spiked onto either dry swabs or onto swabs with normal flora backgrounds from healthy
volunteers. Each of the emm typing primer pairs gave strong, single base composition detections at a
lower level averaging approximately 14 CFU per PCR for both pure swabs and for the swabs containing
normal respiratory flora. The direct swab material was also examined using the two 16S broad-range
primers. Four of the five culture-positive samples showed base compositions consistent with S. pyogenes,
while the three culture-negative samples were negative for S. pyogenes by broad-range priming. The
broad-range primers also showed evidence of other throat flora with identified base compositions
consistent with species of Pseudomonas, Moraxella, Corynebacteria, Acidophilus, Haemophilus,
Actinobacillus, Clostridium, Pasteurella, and Ralstonia. Remarkably, two of the culture-positive samples
showed such an intense signal for S. pyogenes that no other organism could be reliably identified in these
samples by mass spectrometry analysis of broad-range PCR products (which has a dynamic range of
approximately 1,000), suggesting that the pathogenic S. pyogenes titer was numerically overwhelming in
these patients with respect to other background throat flora.

Conclusions

We have developed a strategy to survey respiratory samples for the presence of many different pathogenic
agents simultaneously, and then to determine additional valuable pathogen-specific information. Using a
relatively small set of universal survey primers targeted to broadly conserved regions of bacterial
genomes, PCR amplicons are generated. The amplicons are analyzed by ESI-FTICR mass spectrometry,
and the identity of pathogens present is determined by triangulating the base composition data from
multiple primer pairs. In order to track and understand an epidemic, additional information is needed that
is different for each pathogen. In the case of S. pyogenes, the emm type can be used both to track the
spread of a virulent strain in a population and to correlate with previously determined phenotypic
information, such as the respiratory virulence or tendency to be invasive.

In the example detailed here, the survey primers identified S. pyogenes and the drill-down primers
determined the emm type. Our method gave results in concordance with the established methods of emm
typing in a fraction of the time. Previous methods used to determine the emm type of a strain of S.
pyogenes require bacterial culture, selection of isolated colonies, PCR amplification, and sequencing of
the emm gene, or other genes that correlate with emm type. Culture typically requires a minimum of 24-hr
delay and PCR amplification followed by sequencing is impractical to perform on a large number of
samples in the time needed track an ongoing epidemic. Had a different organism been identified, a
different drill-down question could have been answered using an appropriate set of primers. The
advantage of this recursive capability is that it can be automated, and a great deal of information can be
obtained in a short time. In the current method, the first sample is analyzed in the mass spectrometer
within 6 hr of sample collection, and additional samples are analyzed in the mass spectrometer at a rate of
one per minute thereafter. Prompt analysis of patient samples using the “survey drill-down” strategy will
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allow medical personnel to take immediate action in treatment and/or isolation of patients necessary to
halt an epidemic.
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--- figures not provided with e-copy---

Figure 1.

A. Overall process for simultaneous GAS detection and emm typing. Genetic material is extracted from
throat swabs or cultured samples and amplified using universal survey primers. The PCR products are
analyzed by mass spectrometry to identify important pathogens. If GAS is detected, the emm typing
primers are immediately used to reexamine the extract in order to provide more detailed information on
the strain. If a different primary pathogen were discovered by the survey primer analysis, a different

recursive analysis would be performed appropriate to the information desired for that specific pathogen.

B. Target genes for broad detection and emm typing of Streptococcus pyogenes. Genes used for broad
priming and initial detection and identification of all bacteria present are shown in red. Upon
identification of Streptococcus pyogenes, a second set of primers targeting the genes used in Multi Locus
Sequence Typing (MLST), shown in blue, were used to assign the strain a base composition code and

infer emm-type. The emm1 gene is shown in green.

Figure 2.

Deconvoluted ESI-FTICR spectra of the PCR products produced by the gtr primer for samples
corresponding to emm types 3 (red) and 6 (blue), respectively. Accurate mass measurements were
obtained by using an internal mass standard and post calibrating each spectrum; the experimental mass
measurement uncertainty on each strand is £ 0.035 Daltons (1 ppm). Unambiguous base compositions of
the amplicons were determined by calculating all putative base compositions of each stand within the
measured mass (and measured mass uncertainty).In all cases there was only one base composition within

25 ppm. Note that the measured mass difference of 15.985 Da between the strands shown on the left is in

Rpt 03-19 (Ecker_Russell).doc 10


mailto:decker@isisph.com

excellent agreement with the theoretical mass difference of 15.994 Da expected for an A to G

substitution.

--- figure not provided with e-copy---

Figure 3.

Base composition analysis for broad respiratory pathogens using four primer pairs. The symbol shape
corresponds to the primer pair used and the colors represent different organisms. Note that Streptococcus
pyogenes is shown in blue. A.)The distribution of base compositions for representative respiratory
pathogens. B.)The results for 51 epidemic samples colored in red with the respiratory pathogen

background in gray.

--- figure not provided with e-copy---
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